In Drosophila, the neuropeptide pigment-dispersing factor (PDF) is required to maintain behavioral rhythms under constant conditions. To understand how PDF exerts its influence, we performed time-series immunostainings for the PERIOD protein in normal and pdf mutant flies over 9 d of constant conditions. Without pdf, pacemaker neurons that normally express PDF maintained two markers of rhythms: that of PERIOD nuclear translocation and its protein staining intensity. As a group, however, they displayed a gradual dispersion in their phasing of nuclear translocation. A separate group of non-PDF circadian pacemakers also maintained PERIOD nuclear translocation rhythms without pdf but exhibited altered phase and amplitude of PERIOD staining intensity. Therefore, pdf is not required to maintain circadian protein oscillations under constant conditions; however, it is required to coordinate the phase and amplitude of such rhythms among the diverse pacemakers. These observations begin to outline the hierarchy of circadian pacemaker circuitry in the Drosophila brain.
Introduction
The organizing principles for the neuronal networks underlying circadian oscillations are essentially unknown. Which cells are the critical oscillators for particular output functions, what is their hierarchical organization, and how are synchronizing signals coordinated among pacemaker groups to provide coherent circadian output? In the Drosophila brain, ϳ100 pacemaker neurons are defined by expression of period ( per) and other genes essential for circadian rhythmicity (Kaneko and Hall, 2000) . These clock cells are divided into the lateral (LN) and dorsal (DN) neural groups (Helfrich-Förster, 2003) . Mosaic analysis suggests that LNs, but not DNs, are necessary to establish locomotor rhythms (Frisch et al., 1994; Vosshall and Young, 1995) . LNs are segregated into distinct dorsal (LN d ) and ventral (LN v ) groups; the latter is divided into small and large subgroups. The LN v clock neurons express the neuropeptide pigment-dispersing factor ( pdf ) (Helfrich-Förster, 1998) . Genetic ablation of the entire LN v group produces a syndrome similar to that observed in pdf 01 mutant flies (Renn et al., 1999) . Such flies anticipate light-to-dark transition events but are phase advanced; in constant darkness, ϳ70% lose their locomotor rhythms, and the remainder display only weak rhythms.
The rhythmic nature of single pacemaker cells has traditionally been ascribed to individual cell properties (Michel et al., 1993; Welsh et al., 1995; Liu et al., 1997; Herzog et al., 1998) . Recent evidence, however, suggests that interneuronal communication may be required to sustain basic molecular rhythms.
Manipulations that alter pacemaker membrane excitability or disrupt transmitter signaling between pacemakers result in severe dampening of molecular rhythms (Harmar et al., 2002; Nitabach et al., 2002; Colwell et al., 2003; Lee et al., 2003) . Likewise, Peng et al. (2003) recently found that transcript rhythms of the clock genes timeless (tim) and cryptochrome (cry) were mostly damped in pdf 01 mutants of Drosophila. They suggested that neural network interactions are required to maintain basic molecular rhythms in the absence of environmental cues; however, transcript and protein rhythms do not function equally in establishing the circadian clock: PER and TIM proteins display strong rhythms of protein accumulation in the absence of rhythmic per and tim transcription (Cheng and Hardin, 1998) . Likewise, flies lacking rhythmic per and tim transcription can also maintain rhythmic locomotor activity (Yang and Sehgal, 2001 ). Thus, we have asked whether the PER protein displays different patterns of daily accumulation in control versus pdf 01 mutant flies. In contrast to the conclusions of Peng et al. (2003) , we find that in pdf 01 mutants, PER molecular rhythms persist within individual LN pacemaking neurons under conditions in which behavioral rhythms are absent. PDF is required, however, for the normal synchronization of oscillations among different pacemaker neurons. The precise details in the molecular phenotype of pdf 01 mutants suggest that PDF-dependent hierarchical communication occurs from the LN v to the LN d pacemakers and that a phasedelaying action of PDF serves as the primary coordinating force. These observations thus begin to define the precise organizational properties binding the heterogeneous circadian pacemakers in Drosophila.
Materials and Methods
Fly stocks. y w;; pdf 01 female mutant flies were used from the stock designated W15 (Renn et al., 1999) ; these flies are PDF protein nulls. Control female flies were used from the W33 stock ( y w), which possesses a functional pdf gene within a genetic background similar to that of W15 flies.
Behavioral analysis. Young adult females (1-5 d old) were monitored at 25°C in Trikinetics monitors (Waltham, MA) (Hamblen et al., 1998) . Flies were entrained in 12 hr light/dark (LD) conditions for 6 d and then released into constant darkness (DD) for 9 d. Activity counts were accumulated in half-hour bins. To evaluate rhythmicity of locomotor behavior, 2 periodogram analysis was used. Rhythm periods with power Ͻ10 and width Ͻ2 were considered arrhythmic (Ewer et al., 1992) . Females were used because they display a slightly more severe phenotype (W. Li and P. H. Taghert, unpublished observations). In several experiments conducted under constant conditions during the past 9 months, 64% of y w;; pdf 01 males (n ϭ 598) and 72% of y w;; pdf 01 females (n ϭ 504) were arrhythmic. Activity figures were generated with Matlab modules (Levine et al., 2002) .
Immunofluorescence staining. Immunostaining was performed as described previously (Kaneko et al., 1997; Shafer et al., 2002) . Flies were entrained in LD for 5 d and released into constant darkness. On DD days 3, 6, and 9, flies were collected at circadian times 5, 11, 17, and 23 in darkness, anesthetized on ice, and then dissected under normal light conditions. Such conditions have been shown previously not to affect quantification of PER levels in the fly brain (Kaneko et al., 1997) . Dissections were performed on dry ice in fixative [3.7% formaldehyde (Sigma, St. Louis, MO), 100 mM PIPES, 1 mM MgCl 2 , 1 mM EGTA, pH 6.9]. Fixation was continued for 1 hr at room temperature. Rabbit anti-PER antibody was used at a dilution of 1:1000 (Kaneko et al., 1997) . AlexaFluor 488-conjugated goat anti-rabbit secondary antibody (Molecular Probes, Eugene, OR) was used at 1:500 dilution. Brains were mounted in Vectashield anti-fade mounting medium between two coverslips. All brains were mounted in the same orientation, such that when imaging, the ventral lateral neurons were closer to the objective lens than the dorsal neural groups.
Confocal imaging and identification of neural groups. Samples were imaged on the Olympus FVX confocal microscope using a 40ϫ water immersion objective (numerical aperture, 1.15). The following procedures allowed quantification and comparison of staining intensities. As described above, all brains were mounted in the same orientation so that the light path that traveled through tissue to reach each neural group was relatively constant between brains. Confocal settings (photomultiplier sensitivity, laser strength, aperture widths) were kept constant for all images captured. One brain was randomly chosen to serve as a control and imaged at each imaging session. Subsequently, the stained PER intensities were compared between the sessions to confirm that intersession system variability was Ͻ10%.
Confocal image intensity quantification. Images were captured in 12-bit grayscale space, and all subsequent analysis preserved this dynamic range. To quantify the intensity of PER staining for one neural group of one brain (e.g., small LN v s), the following procedure was used. The slices of the confocal stack that contained images of the neural group were identified. A maximum projection image was created from this subset of slices. The boundaries of the neural group in the maximum projection image were manually delimited using the "select contiguous regions" tool of the GIMP image processing program (http://www.gimp.org). The 12-bit pixel intensities within the marked boundaries were averaged and tallied as the PER-stained intensity of the neural group. The pixels within five pixels outside of the marked boundaries were averaged and tallied as background and subtracted from the PER-stained intensity. Code for intensity quantification from images was written in Perl and C.
Scoring PER subcellular distributions. Individual slices from confocal stacks were arrayed such that the entire depth of a neuronal group could be viewed simultaneously. Cytoplasmic or nuclear calls were made blindly by two observers for all neuronal cell bodies that were positive for PER immunostaining. Cytoplasmic calls were made for ring-shaped staining patterns; nuclear calls encompassed exclusively nuclear as well as nuclear with cytoplasmic staining.
Results
The loss of locomotor behavior in pdf 01 mutants was observed in ϳ70% of flies and manifested gradually (Renn et al., 1999) ; in all flies, residual rhythms were observed for 2-3 d after release into constant conditions (Fig. 1) . Therefore, to assess molecular oscillations during periods of behavioral arrhythmicity, we performed anti-PER immunostaining in control and pdf 01 adult fly brains on days 3, 6, and 9 of constant darkness (DD days 3, 6, and 9). Despite the presumed persistence of ϳ30% rhythmic flies in the pdf 01 population, we detected changes in molecular oscillations of the pdf 01 ventral and dorsal LNs as compared with control flies (below).
For this study, we focused on the ventral and dorsal LNs because they are the only clock neurons essential for establishing locomotor circadian rhythms under constant conditions (Frisch et al., 1994; Vosshall and Young, 1995; Helfrich-Förster, 1997; Blanchardon et al., 2001; Veleri et al., 2003) . Expression of the period gene in these neurons is sufficient to drive locomotor rhythms in period mutant flies (Frisch et al., 1994) . Furthermore, among the LN v neurons, we focused only on the "small" subset. In agreement with previous reports (Herzog et al., 1998; Helfrich-Förster, 2001; Yang and Sehgal 2001; Shafer et al., 2002; Peng et al., 2003; Veleri et al., 2003) , we did not observe consistent PER intensity rhythms in the large LN v s over the DD sampling period (data not shown). Importantly, PER subcellular distribution in the large LN v s of both control and pdf 01 flies remained nuclear at all time points (Shafer et al., 2002) .
Here, we report on two measures of PER protein oscillations: a rhythm of subcellular distribution and a rhythm of staining intensity. Because PER appears in the cytoplasm of clock neurons for only a brief period of time in early subjective night (Shafer et al., 2002) , this marker serves to indicate the rhythmic phase of individual neurons and individual flies (Curtin et al., 1995; Kloss et al., 2001; Martinek et al., 2001; Lin et al., 2002; Akten et al., 2003) . The daily rhythm in the staining intensity of PER is the more traditional measure of its molecular oscillation (Veleri et al., 2003) and provides an independent confirmation of overall rhythmic expression.
Phase dispersal in the small LN v s Consistent with previous observations (Curtin et al., 1995; Martinek et al., 2001; Shafer et al., 2002) , we found that the distribution of PER in the small LN v s in control ( y w) flies was predominantly nuclear for most of the circadian cycle at CT5, CT11, and CT23 (Fig. 2) . At CT17 on all observed days, however, we observed individual small LN v neurons with distinct cytoplasmic PER and little or no nuclear PER. A daily pattern of cytoplasmic PER accumulation was also clearly observed as late as DD day 9 in the small LN v of pdf 01 flies; however, although the subcellular localization rhythm of PER persisted in prolonged darkness, its phasing among this group of neurons was disrupted in pdf 01 . At CT17, PER was predominantly cytoplasmic in the small LN v s of control flies, but in pdf 01 , PER displayed a mixture of cytoplasmic and nuclear distributions at CT17. Such a mixture of subcellular distribution was not merely a population effect, because it was observed within individual pdf 01 brains (Fig. 2) . To assess whether the window of predominantly cytoplasmic PER accumulation occurred at a novel phase in pdf 01 , we immunostained brains at additional time points (CT13, CT15, CT17, and CT19) on DD day 6. At CT13, the small LN v s could not be reliably identified in either control or pdf 01 flies because of low levels of PER staining intensity; however, the observation of staining in other neurons at CT13 indicated that the PER immunostaining procedure was successful (data not shown). In individual brains of control flies at CT15 and CT17, PER was predominantly cytoplasmic (Fig. 2) ; however, at CT15 and later time points (CT17 and CT19), the small LN v s within individual brains in pdf 01 presented a mixed population of cells with cytoplasmic or nuclear PER. On day 6, the differences between control and pdf 01 genotypes at CT15 and CT17 were statistically signficant (t test; p Ͻ 0.05).
The mixed phasing among the small LN v s of pdf 01 became more severe with time in DD (Fig. 2) . By DD day 9, cytoplasmic PER was detected as early as CT11 in pdf 01 flies, whereas control flies maintained a predominant peak of cytoplasmic PER at CT17. Despite these changes, the persistence of PER within the nucleus of sLN v s of pdf 01 at CT5 and CT23 throughout all 9 d in DD indicates that individual neurons maintained molecular rhythms in the absence of the PDF neuropeptide. Taken together, these results show that PER molecular rhythms persist in the small LN v s of pdf 01 mutants, days after the loss of behavioral rhythms. In the absence of PDF, however, the rhythmic phase of small LN v s in pdf 01 mutants dispersed relative to each other over the several days in constant darkness. Strikingly, the dispersal was unidirectional: bidirectional dispersion would have resulted in the concomitant observation of cytoplasmic PER at CT23 in pdf 01 by DD day 9.
Phase advancement in LN d s of pdf 01 mutants The LN d s also maintained a rhythm of PER subcellular distribution during the DD days under observation. Similar to the small LN v s, PER assumed a nuclear distribution throughout most of the circadian cycle in the LN d s of control flies (Fig. 3) . Because we observed this peak of cytoplasmic PER at CT17 throughout all 9 d of DD in control flies, it served as a phase marker of LN d neuronal rhythms. There was one difference in this rhythm between the two LN pacemaker groups: small LNv neurons uniformly displayed cytoplasmic distribution of PER early in subjective night, whereas fewer than half of the LN d s displayed cytoplasmic PER at this time (compare Figs. 2, 3) .
In pdf 01 , LN d neurons also maintained PER oscillations, but these oscillations displayed significant differences from those of control flies. As early as DD day 3, the LN d cytoplasmic peak was phase advanced compared with control flies (Fig. 3) , appearing at CT13 and CT15. By DD days 6 and 9, this cytoplasmic peak in pdf 01 brains advanced to CT11. Parenthetically, we noted that LN d cell bodies were in association with or near a structure resembling a sinus (Fig. 3) . To our knowledge, this structure has not been described previously. Its functions and potential relation to LN d neuronal function are not known.
Rhythms in PER staining intensity
We also measured rhythms of PER staining intensity in the small LN v and LN d neurons to provide independent measures of their molecular rhythms. In the small LN v s of both control and pdf 01 flies, rhythms in staining intensity declined in amplitude over the course of 9 d in DD. Statistical analysis indicated that the rhythm in both genotypes persisted throughout this time (Fig. 4) . In both genotypes, peak intensity values were observed in the early subjective morning time points (CT5 and CT23). We noted one difference: although control flies maintained low staining at CT17 across the DD days, the staining intensity at CT17 in pdf 01 For both control and mutant genotypes, the neurons displayed nuclear PER at CT5 and CT23 across all days. Control flies display predominantly cytoplasmic PER at CT17, whereas individual brains of pdf 01 mutants have mixed cytoplasmic ("doughnuts") and nuclear distributions of PER at CT17. The overall intensity of these images was adjusted to facilitate viewing of the PER signal.
mutants was not statistically distinguishable from the peak values at CT5 and CT23 on DD days 6 and day 9 (Fig. 4) . These observations are consistent with the results seen in the subcellular distribution rhythms in the small LN v s (Fig. 2) . The gradual phase advancement of a portion of small LN v s in pdf 01 mutants is reflected as an increase in staining intensity within that group at CT17.
In LN d neurons of control flies, a rhythm of staining intensity was present in all 9 d of DD, but it declined in amplitude (Fig. 5) . Peak values were also observed in the early morning time points CT23 and CT5. This pattern of staining was present on DD day 3 in pdf 01 mutants. By DD day 6, however, a phase advancement was observed such that the normally highstaining time point of CT5 became a trough, whereas CT17 became a peak point. This advancement of phase was consistent with that seen in LN d PER subcellular distribution (Fig. 3) . By DD day 9, the rhythms in PER staining intensity no longer displayed statistically significant variations with time in the LN d s of pdf 01 mutants (Fig. 5) , although the rhythm in subcellular distribution persisted in these neurons (Fig. 3) . Surprisingly, these observations suggest that although pdf is not required to maintain coordinated molecular rhythms among the LN d s, it is required for the normal phasing and robust amplitude of such rhythms.
Discussion
The mechanism by which multi-oscillator coordination occurs in the fly circadian system is essentially unknown. Previously, PDF was hypothesized to couple bilateral pacemakers because PDF neurons project to multiple clock centers within the fly brain (Helfrich-Förster, 1998; Renn et al., 1999) and because injections of a related peptide, pigment-dispersing hormone, produced a phase-delaying signal in the cockroach circadian system (Petri and Stengl, 1997) . To investigate the role of PDF in Drosophila, clock activity in pdf 01 mutants was assessed by monitoring the expression of PER, the protein level of which is an essential state variable of the fly clock (Yang and Sehgal, 2001 ). Because of the graduated, continuous nature of fluctuations in PER protein levels, phase assessment is difficult using the standard two or four time-point sampling of molecular rhythms. Therefore, we used the discrete marker of subcellular localization to evaluate the phase of individual neurons within neural subgroups (Shafer et al., 2002) Using this indicator of PER subcellular distribution, we observe that in the absence of light and pdf function, the phases of the small LN v clocks gradually disperse (Fig. 2) . In normal flies, these neurons display a persistent peak of cytoplasmic PER in the middle of subjective night, indicating that they are phase locked. Early in free run, the magnitude of the cytoplasmic peak in pdf 01 mutants is comparable with that of normal flies, but it progressively blunts with continued days in DD. Among possible explanations, we favor the hypothesis that these neurons are proceeding with normal rhythms but with a progressive desynchrony. That interpretation is supported by two observations. First, PER remains predominantly nuclear at the flanking time points of CT5 and CT23. This, with cytoplasmic PER seen only at discrete time points, indicates that normal rhythms in subcellular distribution are progressing within individual neurons. The preserva- tion of PER staining intensity rhythms further supports the interpretation of normal rhythmic progression (Fig. 4) . Second, the entrance of these neurons into the cytoplasmic phase is observed at progressively earlier times, by CT11 of DD day 9; however, only some of the neurons become phase advanced, because neurons with cytoplasmic PER are observed at the normal time point of CT17 across all 9 d of DD. This heterogeneous phase advancement might be a stochastic process or might indicate further differentiation of circadian function among the small LN v s. Together these results suggest that PDF (released by LN v neurons) provides feedback that normally helps to synchronize the eight autonomous small LN v s within individual brains. We postulate that this synchronization supports the circadian fluctuations of PDF at the terminals of the small LN v s (Park et al., 2000) .
Compared with the small LN v s, the LN d s responded in a different manner to the absence of pdf. They exhibited a coherent phase advancement of the PER cytoplasmic window and reverted to short-period, low-amplitude cycling (Figs. 3, 5) . That phase advance was paralleled by an early peak in the rhythm of LN d PER staining intensity at CT17 of DD day 6. Interestingly, the aggregate PER intensity rhythm was severely damped by DD day 9, despite the maintained rhythm in the nuclear translocation within individual LN d neurons. In control flies, the PER intensity rhythm also damped during DD, but not to as great an extent. PDF is therefore required to maintain highamplitude PER intensity rhythms in the LN d s beyond DD day 6. One possibility is that PDF signaling entrains LN d neurons by delaying the entrance of PER into the nucleus. The delay would allow greater levels of PER to accumulate before its translocation to the nucleus and would generate a more forceful negative feedback on the clock system to result in a greater amplitude of molecular rhythms (Leloup and Goldbeter, 2003) .
We propose that these complex roles of pdf help to explain its contributions in maintaining behavioral rhythms (Fig. 6 ). PDF release represents the essential signaling function of the small LN v neurons, because the pdf null syndrome is phenocopied by the ablation of PDF-expressing cells (Renn et al., 1999) . This PDF output may proceed directly to influence premotor centers that regulate behavioral rhythms. A nonexclusive alternative is that the premotor centers are controlled by an auxiliary clock center (e.g., the LN d s) that is itself subject to small LN v (i.e., PDF) influence. The pdf 01 mutant population includes an ϳ30% minority of flies that display residual, short-period rhythmicity past DD day 3 (Renn et al., 1999) . Our results provide evidence for the continued activity of a phase-advanced, low-amplitude clock within LN d neurons. We speculate that LN d neurons therefore may represent the persistent, rhythmic center responsible for that durable, rhythmic aspect of pdf 01 behavior. Furthermore, we propose that the gradual winding down of free-running behavioral rhythms in pdf 01 flies may result from the gradual loss of normal PER intensity rhythms that we observe in the LN d s after DD day 3. By this day, the amplitude of these rhythms may have approached a threshold level required for overt behavioral rhythmicity. The requirement of a molecular amplitude threshold for locomotor rhythms is supported by the phenotype of the Clk ar mutant, which is behaviorally arrhythmic despite the presence of low-amplitude molecular cycling (Allada et al., 2003) . We therefore hypothesize that the LN d pacemaker group is a significant participant in the neuronal circuitry underlying Drosophila behavioral rhythms under constant conditions (Helfrich-Förster, 1998; Kaneko and Hall, 2000; Peng et al., 2003) and that its molecular rhythms are influenced by the small LN v group via its PDF output. The importance of neuronal interactions and network properties for molecular oscillations within pacemakers is a central problem in circadian physiology. The application of tetrodotoxin (TTX) to cultured mice suprachiasmatic nucleus (SCN) slices results in the diminution of mPER rhythms (Lee et al., 2003) . In contrast, the behavioral rhythms disrupted with in vivo TTX application to the rat SCN reemerge with the preservation of the entrance phase after TTX washout, indicating the continuation of an underlying clock (Schwartz et al., 1987) . Thus, similar to our findings in Drosophila, these results suggest that the highamplitude molecular fluctuations that are required for behavioral rhythms are an emergent property of a multi-oscillator SCN network. Both in mammals and in the fly, however, the intrinsic molecular clockwork appears to persist in the absence of cellular interactions. The persistence of clock function in fly pdf 01 mutants was reflected in the maintained rhythm of PER nuclear translocation. The rhythmic, gated nuclear translocation of the mCRY proteins has been reported to occur in mammalian liver (Lee et al., 2001 ). An evaluation of such translocation rhythms may apply to the study of SCN clockworks as well, under conditions during which the intensity rhythms may otherwise be lost.
In mammals, these same neuronal interactions appear equally important to coordinate the phases of heterogeneous cell types of the regionally diverse SCN. The intact SCN displays coherent, topographically stratified waves of mPer1 transcription; however, when the ventral SCN subregion is separated from the dorsal, the dorsal pacemakers exhibit altered phases and/or periods, whereas the ventral pacemakers maintain their phase properties (Yamaguchi et al., 2003) . These observations suggest that the SCN is composed of several pacemaking centers, which must interact via reproducible network connections to coordinate each others' rhythmic output. The neuroanatomy of the Drosophila circadian system likewise suggests that it is composed of multiple pacemaking centers, and our results outline rules by which they may interact: the small LN v center maintains the LN d center and delays it and also feeds back to delay itself by entraining component neurons (Fig. 6) . A phase-delaying function of a PDFrelated neuropeptide has been described previously (Petri and Stengl, 1997) . These interactions between LNs require PDF and may occur directly or indirectly through interneurons.
At the level of single pacemakers, the functions of PDF may be explained by a common regulation of the rate at which PER enters the nucleus from the cytoplasmic phase. Such regulation may be achieved, for example, through kinases such as doubletime (Kloss et al., , 2001 Price et al., 1998) , shaggy (Martinek et al., 2001) , or the casein kinase 2 holoenzyme (Lin et al., 2002; Akten et al., 2003) . This hypothesis presents a framework within which detailed cellular analysis of interactions within a hierarchy of circadian pacemakers may be pursued.
